Abstract: This overview of methodology and applications of sediment archives of living dinoflagellates and other protists examines their potential to study ecology and evolution of unicellular eukaryotes through time. Sediment cores from Koljö Fjord on the west coast of Sweden and from Mariager Fjord in Northern Denmark, both enclosed embayments with recurring anoxic bottom water, provide a virtually undisturbed sediment record. Cultures of dinoflagellates (and other protists) were established by individually isolating specimens from dated sediment layers. Twelve sediment cores were used from which over 500 dinoflagellate strains from 20 different taxa, as well as numerous strains of diatoms, haptophytes, prasinophytes and heterotrophic protists, were established. Model dinoflagellate species included Pentapharsodinium dalei and Scrippsiella trochoidea. The culture strains were used to test for intraspecific variation through time in morphology, genotypes and physiology. In this paper we discuss the potential for using the sediment archive for temporal population studies, including applications relevant to palaeoecological studies.
Living dinoflagellate cysts are generally studied from surface sediments, whereas sediment cores are mainly used to study changes in dinoflagellate species composition and abundance after palynological treatment. The aim of the present study was to test the temporal extent of the living archive of dinoflagellates and other protists and to explore the potential of this archive to answer questions on dinoflagellate viability, evolution and adaptation. Earlier studies had reported maximal survival times of dinoflagellates and diatoms in marine sediments from one to a few decades (Dale 1979; Anderson & Keafer 1987; Keafer et al. 1992 ; Lewis et al. 1999; Mizushima & Matsuoka 2004) . These encompass studies from dated sediment cores and surface sediment samples stored in the laboratory. Recent studies have reported survival times of 20 -55 years (McQuoid et al. 2002) and up to at least 100 years (Härnström et al. 2011; Lundholm et al. 2011; Ribeiro et al. 2011) . Such survival times open new possibilities for testing hypotheses on the response of protist populations to changes over time. In this respect the living cysts can be viewed as 'time capsules' of past populations and, when incubated, can be used to study evolutionary aspects of eco-physiology, genetics and morphology. In this manner, dinoflagellate and diatom strains germinated from dated sediment layers have been used to study the possible role of resting stages in long-term survival (e.g. Ribeiro et al. 2011 ) and population genetic structure through time (e.g. Härnström et al. 2011) .
Study sites, materials and methods
Mariager Fjord and Koljö Fjord are sill fjords connected to the Kattegat/Skagerrak and both are characterized by limited oxygen in the bottom waters, minimum tidal activity and virtually no bioturbation (see Björk et al. 2000 for further details on Koljö Fjord and Fallesen et al. 2000 for details on Mariager Fjord). Sediment cores were taken with a modified micro-Kullenberg pistoncorer, a Rumohr Lot corer or a modified HAPS corer and X-rayed intact. The cores were sealed with water intact over the sediment surface and stored vertically in dark and cold (4 8C) conditions until sliced at 1 cm intervals by extrusion from the tube. Except for the top few centimetres, the outer 5-10 mm of each slice was scraped off to avoid smearing between the layers. The remaining part of each slice was stored cold (4 8C) and dark in a zip-lock plastic bag until further processing. Agedepth models were developed for selected cores based on 210 Pb and 137 Cs gamma spectrometry at the Gamma Dating Centre, Department of Geography and Geology, University of Copenhagen. The remaining cores were correlated to the agedepth models by sedimentary structures discernible on the X-ray images.
To facilitate the process of isolating individual organisms the sediment was processed in different manners, depending on the type of organisms targeted. Before the isolation of dinoflagellate cysts, subsamples of sediment from each layer were sizeand density-separated according to the method described by Bolch (1997) . For the isolation of diatoms and other autotrophic flagellates, small subsamples of sediment were incubated under 60-100 mmol photons m 22 s 21 light in microwells with f/2 or L growth medium and single cells (or chains of cells) isolated from those wells where growth occurred. For isolations of heterotrophic protists, dilution series were set up in tryptic soy broth (see Koch & Ekelund 2005 for details) . Single cells and cell chains were isolated using a capillary pipette with subsequent rinsing in drops of culture medium. Isolations usually took place at room temperature; some samples were however kept on ice during isolation, and the centrifuge and ultrasonic bath were cooled. The microwell plates with single cysts, slurries or dilution series were placed at 158, 80-100 mmol photons m 22 s
21
, and a light:dark cycle of 16:8 h. Figure 1 is a flow diagram of the methodology from sampling to experiments on living strains.
Results and discussion
Preservation, viability and diversity By using a suite of different methodologies, living stages from a variety of different protist groups were found in dated sediments and culture strains established from such diverse groups as dinoflagellates, diatoms, haptophytes, prasinophytes, heterotrophic heterokontophyta, cercozoans and amoebozoans. Strains of cyanobacteria were also established. While the maximum survival times within the major groups of organisms was found to be consistently about a century for many of the groups (dinoflagellates, diatoms, heterotrophic protists), the maximal survival of individual species varied greatly (Table 1) . Only three species of dinoflagellates were viable in detectable numbers in sediments older than 50 years (data presented in Lundholm et al. 2011) .
Controlled experiments and opportunistic observations as well as a literature review suggest that conditions both in situ and during sampling and isolation have a significant influence on maximal survival times and viability. This is perhaps not surprising as it is well established that estimates of diversity and abundance of many types of microorganisms depend vastly on the methods used (Olsen & Bakken 1987; Caron et al. 1989; Rønn et al. 1995) . It is however surprising that some protist resting stages, after many decades of preserved viability in intact sediment cores, lost their viability within months of sampling . The effect of sediment storage on the viability of resting stages also differed between species, as did the effect of laboratory procedures during isolation; some species were negatively affected by exposure to oxygen during storage and to increased temperatures during isolation (see Lundholm et al. 2011 for details) . Viable specimens become rarer with increasing sediment age, so it is important to control sampling, storage and isolation time and conditions closely to optimize the success rate of germination and the establishment of viable culture strains. Not all factors relevant for preservation are currently known, but it is clear that the conditions and procedures promoting the viability of resting stages differ between species; for now, these remain unknown for many taxa.
The best results were obtained by taking sediment cores from sites with low or no oxygen in the bottom water; using the samples while fresh (or at least immediately after slicing the core); discarding the outer rim of each slice and/or slicing the core from the bottom; and carefully controlling conditions during isolation and incubation.
We established about 500 culture strains of dinoflagellates encompassing 20 taxa from sediment cores. More detailed studies focused mainly on Pentapharsodinium dalei, because cysts from this species occurred in the highest viable numbers deepest down-core; almost 200 culture strains were established for this species. Multiple strains were established from each age-depth layer in order to distinguish between variability within each age-slice and between age-depth layers. Several hundred strains of diatoms were also established from sediment cores in both Mariager Fjord (mainly strains of Skeletonema marinoi) and Koljö Fjord (strains of e.g. Chaetoceros spp., Navicula spp. and Amphora spp.). Multiple strains of other autotrophic flagellates, cyanobacteria and heterotrophic protists were also obtained, but in lower numbers. These culture strains represent a living archive of past populations that can be maintained in a culturing facility. Some of these cultures are deposited in the Scandinavian Culture Centre for Algae and Protozoa and are available to the scientific community.
Applications for ecology, evolution and palaeoecology
Based on a study of 18 strains of Pentapharsodinium dalei originating from cysts isolated from three different sediment age-depth layers, we demonstrated that the growth performance of germinated cells was unaffected by up to a century of dormancy . In a second study including 158 strains of Skeletonema marinoi established from 7 sediment age-depth layers from Mariager Fjord a stable genetic population structure over time was found (Härnström et al. 2011) . These studies clearly demonstrate that the sediment archives of dinoflagellates and other protists are extremely valuable for temporal studies of protist populations, and provide a new approach that may help explore some of the unanswered questions in protist ecology and evolution, such as those listed below.
(1) Does the response of protist species to changes in the environment change over decadal timescales? Here, a coupled experiment to test the physiological response and genetic variability (using microsatellite markers) of Pentapharsodinium dalei populations spanning periods of marked environmental change in Koljö Fjord is in progress. The first results indicate a relatively stable physiological response over time (Ribeiro et al. 2013) .
(2) How conserved are key eco-physiological traits of individual species? (3) What is the adaptive potential of species to climate change? (4) Does the response and viability differ in different types of environments and in situ preservation conditions? (5) How does the introduction of new or invasive species affect populations at the genetic level?
Conclusions † Undisturbed, preferably laminated sediment cores make up valuable archives of intact, living dinoflagellates and other protists. † Sediment cores from areas with low or no oxygen in the bottom water yield the best results and samples should be analysed while fresh. † Preservation and longevity varies greatly between species. † Long-term survival of resting stages is taxonomically widespread among marine protists. We germinated dinoflagellates, diatoms, haptophytes, prasinophytes, heterotrophic heterokontophyta, cercozoans and amoebozoans from coastal sediments of over 10 years of age. Cyanobacteria were also germinated. † The maximal survival age was about a century for dinoflagellates, diatoms and heterotrophic protists, which offers the possibility to study effects of environmental change on protist species and populations at decadal-century timescales.
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